Coproporphyrinogen-III oxidase (CPO) catalyses the conversion of coproporphyrinogen-III to protoporphyrinogen-IX in the haem biosynthetic pathway, and its deficient activity is associated with human hereditary coproporphyria. The 47% sequence identity between the oxygen-dependent CPO from Escherichia coli and its human counterpart makes the bacterial enzyme a good model system for structural studies of this disease. Therefore, we overexpressed and purified to homogeneity the oxygen-dependent CPO from E. coli and its selenomethionine derivative fused with a His 6 -tag. Both preparations showed a specific activity of 37 500 U mg 31 , had a subunit molecular mass of 35 kDa and behaved as a compact shaped dimer. First crystallisation trials produced plate-shaped diffracting crystals.
Introduction
The synthesis of haem is an essential process, and the enzymatic steps of its biosynthetic pathway have been highly conserved throughout evolution [1] . Coproporphyrinogen-III oxidase (CPO; EC 1.3.3.3) is one of the last three enzymes of the pathway and its catalytic mechanism is one of the least understood. CPO catalyses in two sequential steps the oxidative decarboxylation of two of the four propionate sides chains on coproporphyrinogen-III to yield protoporphyrinogen-IX (Scheme 1) [2] .
Whereas molecular oxygen is the electron acceptor in aerobic systems, facultative anaerobes can carry out the reaction in the absence of oxygen by way of a di¡erent enzyme in the presence of adenosine triphosphate (ATP), oxidised pyridine nucleotide and methionine [3, 4] . In Escherichia coli, two di¡erent CPOs are present: the oxygendependent CPO encoded by the hemF gene [5] and the oxygen-independent CPO encoded by the hemN gene [6] that shows no sequence similarity to its aerobic counterpart.
Studies on oxygen-dependent CPO from di¡erent sources indicate a dimeric form in solution [7^12] . Metal-dependent catalysis was reported for yeast [7] and mouse enzymes [8] , whereas no such dependence was observed for the human protein [7] . Interestingly, an iron^sulfur cluster has been identi¢ed in the recently characterised oxygen-independent CPO from E. coli [13] .
De¢ciency of CPO in humans is responsible for heredi- tary coproporphyria (HCP, (OMIM 121300)), an autosomal dominant disease [14] . Symptoms of this disease include neurological disturbances and cutaneous photosensitivity. Although genetic and biochemical studies identi¢ed several residues possibly involved in catalysis [7,15^17] , structural information is required for a fully understanding of this pathology. The primary sequence conservation displayed by bacterial, plant and mammal CPOs (30% overall identity) [18] suggests a similar threedimensional structure for this enzyme family. Moreover, the 47% overall identity shared between E. coli and human CPOs ( Fig. 1) , together with the residue conservation of 15 out of 19 reported natural mutations associated with HCP (OMIM 121300; [19, 20] and references therein) indicates that the bacterial enzyme is a good model system for structural studies of HCP. Oxygen-dependent CPOs do not show any sequence homology to other protein families, therefore independent structural information may be gained by using multiple anomalous dispersion (MAD) methods, as for example with a selenomethionine substituted protein. Here we report the high yield puri¢cation, characterisation and ¢rst crystallisation studies for E. coli oxygen-dependent CPO and its selenomethionine derivative, that will allow the pursuit of structural studies.
Materials and methods

Cloning
The expression vector for CPO was kindly provided by H. Dobbek and O. Einsle. The hemF gene was cloned in pET-22b(+) (Novagen) using NdeI and XhoI restriction enzymes. The vector harboured a C-terminal His 6 -tag. CPO and SeMet-CPO were expressed using E. coli strains BL21(DE3) and B834(DE3) (Novagen), respectively as host systems.
Cell culture and protein overexpression
Cells from an overnight culture grown in Luria^Bertani medium with ampicillin were diluted 10-fold in 4 l of the same medium twice concentrated and grown at 37 ‡C to an optical density (OD 600nm ) of 0.6^1.0. Following induction with 1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG), the cell culture was grown for additional 3 h and harvested at an OD 600nm of 1.5^2.0 by centrifugation at 4200 rpm, 4 ‡C for 25 min.
An identical protocol was used for expressing SeMet-CPO, with the exception that 5 l of NM medium supplemented with 0.3 mM seleno-DL-methionine [21] and 100 Wg ml 31 ampicillin were inoculated with a 50 ml overnight culture grown in selective LB medium.
Protein puri¢cation
The cell pellet was resuspended at 10 ml per culture liter in lysis bu¡er (50 mM Tris^HCl pH 8.0, 300 mM NaCl, 10 mM imidazole) containing 1 mg ml 31 lysozyme and ethylenediamine tetraacetic acid (EDTA)-free protease inhibitor cocktail (Roche).
Throughout the puri¢cation, protein solutions were always handled at 4 ‡C with the exception of the Ni-NTA (Qiagen) step performed at 15 ‡C. Cells were disrupted by sonication and cell debris was removed by centrifugation at 18 000 rpm for 30 min. The supernatant was loaded on a Ni-NTA column previously equilibrated in lysis bu¡er. The column was washed according to the manufacturer's instructions and the protein eluted with a 20^400 mM imidazole gradient. Collected fractions were analysed by sodium dodecyl sulphate^polyacrylamide gel electrophoresis (SDS^PAGE) and ultraviolet (UV)/visible (Lambda 17 UV/Vis spectrometer, Perkin Elmer).
The pooled fractions were concentrated in 10 mM maintenance electrolyte solution 2-(N-Morpholino)ethanesulfonicacid (MES)/NaOH pH 6.5 (CPO) and 10 mM MES/ NaOH pH 6.5, 2 mM dithiothreitol (DTT) (SeMet-CPO), aliquoted, shock frozen in liquid nitrogen and stored at 380 ‡C. Protein concentration was determined by absorption spectroscopy at 280 nm using an extinction coe⁄cient of 62 280 M 31 cm 31 (Protparam tool from Expasy: http:// www.expasy.org/tools/protparam.html). Protein identity, purity and structural integrity were veri¢ed by N-terminal sequencing, emission spectrometry-mass spectrometry (ES-MS) (SCIEX API165, Perkin Elmer) and circular dichro- ism (CD) spectroscopy (Jobin Yvon, Division D'instruments, SA, Australia). Iron and copper content was assessed by induced coupled mass-atomic emission spectroscopy (ICP-AES) (BITO º K, Bayreuth, Germany).
Characterisation of a porphyrin molecule co-puri¢ed with CPO
UV/visible (650^220 nm) and £uorescence spectra from puri¢ed CPO indicated the presence of a porphyrin compound. Fluorescence spectra with excitation and emission wavelengths at 460 and 666 nm, respectively were recorded on a Perkin Elmer LS 50B luminescence spectrometer. UV/visible spectra were traced before and immediately after protein reduction with 3 mM sodium dithionite. Chemical characterisation of the compound was performed with an organic phase extraction from 100 Wl of protein solution (10 mg ml 31 ) in a glass vial. Methanol (400 Wl), chloroform (100 Wl) and doubly-distilled water (300 Wl) were sequentially added to the solution, which was then strongly shaken and left to settle overnight at 4 ‡C. ES-MS was performed from both organic and aqueous phases.
UV/visible spectroscopy using an extinction coe⁄cient of 241 mM 31 cm 31 at 408 nm was performed to quantify the porphyrin compound in the protein samples.
Activity assay and determination of kinetic parameters
The enzyme assay developed for quanti¢cation of CPO activity was an adaptation of a previously reported £uo-rometric coupled enzyme assay [22] . Substrate coproporphyrinogen-III was freshly prepared by reducing coproporphyrin-III dihydrochloride (Porphyrin Products) with 5% sodium mercury amalgam beads (Sigma-Aldrich) under dim light inside an anaerobic chamber, and it was spectrophotometrically quantitated in 0.1 N HCl at 400 nm using an extinction coe⁄cient of 489 mM 31 cm 31 . Protein samples were incubated with 12 WM coproporphyrinogen-III in the presence of a three-fold molar excess of protoporphyrinogen-IX oxidase from Nicotiana tabacum at 37 ‡C in the dark for 15 min. The reaction was terminated by cooling on ice, the enzymes were heat inactivated, and the mixture was centrifuged at 3500 rpm for 5 min to remove the precipitated protein. The assay bu¡er was 0.1 M K 2 HPO 4 /KH 2 PO 4 pH 7.0, 2 mM DTT, 0.2% Tween 20, except in the determination of the optimum pH of the enzyme, which was performed with 0.1 M Trism aleate pH 5.7, 6.5, 7.0, 7.7 and 8.6, 2 mM DTT, 0.2% Tween 20. Enzyme was present in nanomolar concentrations, over which substrate depletion was not signi¢cant. The formation of protoporphyrin-IX was £uorometrically monitored with excitation at 418 nm (slit at 2.5 nm) and emission at 634 nm (slit at 5 nm). The amount of product formed was calculated using a calibration curve of protoporphyrin-IX £uorescence standard (Porphyrin Products).
To determine the kinetic parameters K m and V max , the e¡ect of coproporphyrinogen-III concentration on the initial velocities of the enzyme reaction was analysed over the substrate concentration range 0.5^50 WM.
Identi¢cation of oligomeric states in solution
Size exclusion chromatography, dynamic light scattering (DLS) and native-PAGE assessed the oligomeric state and homogeneity of the protein in solution. Size exclusion chromatography was performed on a SMART1 fast protein liquid chromatography (FPLC) system (Pharmacia) with a Superose-12 PC 3.2/30 column. Elution conditions were: 10 mM MES/NaOH pH 6.5 (bu¡er A), 150 mM NaCl, 10 mM MES/NaOH pH 6.5 (bu¡er B), 300 mM NaCl, 10 mM MES/NaOH pH 6.5 (bu¡er C), 500 mM NaCl, 10 mM MES/NaOH pH 6.5 (bu¡er D), PBS pH 7.4 (bu¡er E), PBS pH 7.4, 2 mM DTT (bu¡er F), PBS pH 7.4, 10 mM DTT (bu¡er G). Column calibration was performed with globular protein size standards (Fluka and Bio-Rad). DLS was performed with a DynaPro-801TC (Protein Solutions, Inc.). Protein samples at 1 and 5 mg ml 31 in bu¡ers A, D, E and F were ¢ltered according to the manufacturer's instructions and 25^30 readings were taken per sample. The molecular mass was calculated assuming a globular conformation model using the software provided by the manufacturer. Native-PAGE was performed with pre-casted 8^25% gradient gels using the Phast System1 (Pharmacia).
Crystallisation experiments
Crystallisation trials with CPO and SeMet-CPO were carried out at 4 and 20 ‡C by the sitting drop vapour di¡usion method, using sparse matrix screens (Hampton Research). The composition of the droplets was 2 Wl of protein solution (5 mg ml 31 in 10 mM MES/NaOH pH 6.5 plus 2 mM DTT in the case of SeMet-CPO) and 2 Wl of precipitant. The droplets were equilibrated against a reservoir volume of 300 Wl and kept in the dark. The di¡raction quality of the crystal plates was tested on an in-house imaging detector (MAR Research) coupled to a RU-200 rotating anode X-ray generator (Rigaku) producing Cu KK radiation with a wavelength of 1.5418 A î .
Results
High yield puri¢cation
Up to 20 mg of pure CPO per culture liter (circa 4 mg per g cell wet weight) were obtained from BL21(DE3) cells. The protein identity was veri¢ed by sequencing its N-terminus (MKPDAH). The puri¢ed protein appeared as a single band of a molecular mass of 35 kDa on SDSP AGE (Fig. 2A, B) , which is in good agreement with the value obtained from ES-MS (35 390 Da) and the value predicted for the his-tagged enzyme (35 387 Da, ProtParam tool, Expasy, http://www.expasy.org/tools/protparam. html). The CD spectrum is typical for a protein containing both K-helices and L-sheets with a broad minimum between 208 and 222 nm as well as an intense positive band at 195 nm (Fig. 2C) . Evaluation of the spectrum using the programme CONTIN [23] resulted in an estimate of 26% K-helices and 31% L-sheets.
The SeMet-CPO was expressed in the methionine auxotroph B834(DE3) strain at a level of 5 mg of pure protein per culture liter (circa 1.1 mg per g cell wet weight). The molecular mass was determined to be 35 718 Da by ES-MS. The di¡erence of 328 Da veri¢ed between SeMet-CPO and CPO corresponds to the di¡erence in mass between selenium and sulfur multiplied by the number of methionine residues (seven) in the protein indicating complete selenomethionine incorporation. The CD spectrum displayed a secondary structure content similar to the CPO.
The iron content was variable for di¡erent CPO preparations (ranging from 0.09 to 1.25 mol atom mol 31 of polypeptide) and 0.2 mol atom mol 31 of polypeptide for SeMet-CPO. Copper was barely detectable (around 0.03 mol atom mol 31 of polypeptide for both samples).
Enzyme activity
Enzyme activity was determined after 15 min of incubation to prevent inhibition by coproporphyrin-III. Under these conditions less than 5% of the substrate is utilised in the enzymatic reaction, ensuring initial velocity conditions (¢rst order kinetics), and the amount of coproporphyrin-III accumulated due to autooxidation of coproporphyrinogen-III is negligible (circa 0.02%). CPO displays a hyperbolic behaviour only until a substrate concentration of 16 WM (Fig. 3) . The estimations of K m and V max were 3.1 WM and 8827 U mg 31 , respectively. The speci¢c activity of both enzyme preparations was approximately 37 500 U mg 31 (U de¢ned as the formation of 1 nmol of protoporphyrin-IX per h at 37 ‡C) at pH 7.0, determined to be the optimum pH value.
Identi¢cation of the co-puri¢ed porphyrin
CPO containing fractions presented a faint yellow colour. The UV/visible spectrum recorded to calculate the protein concentration showed an extra absorption band around 400 nm, typical for porphyrin containing proteins. Upon concentration, the protein solution displayed light red colour and ¢ve absorption bands were now clearly observed (Fig. 4A) . No shift or intensi¢cation of the Soret band was observed upon protein reduction with sodium dithionite. Fluorescence spectra (excitation at 460 nm and emission at 666 nm) con¢rmed the presence of a porphyrin compound (Fig. 4B) . To identify this compound, an organic phase extraction was performed and the resulting aqueous and organic phases analysed by ES-MS. Two peaks were obtained at 563.41 Da (minor) and at 581.21 Da (major) (Fig. 4C) . The minor one is in good agreement with the molecular mass for the oxidised product, protoporphyrin-IX (562.66 Da). This molecule is unstable in solution due to the lability of the vinyl groups in rings A and B, and easily hydrates to give the hydroxyethyl derivative with a molecular mass of 580.68 Da, which most likely corresponds to the major peak.
A ratio of 2U10 32 mol product mol 31 of polypeptide was estimated by UV/visible spectrum from a concentrated CPO protein sample, indicating a non-stoichiometric association of the porphyrin to the protein. The porphyrin peak (581.2 Da) was also detected in SeMet-CPO samples.
However, the ratio of porphyrin/protein association was lower (5.5U10
33 mol product mol 31 of polypeptide). A correspondent mass increase for both proteins (35 390 Da and 35 718 Da, respectively), which would be expected if the porphyrin molecule was covalently bound to the polypeptide chain was not observed.
Oligomerisation state in solution
Size exclusion chromatography in bu¡ers B and E resulted in one single peak corresponding to a molecular mass of approximately 50 kDa. Protein elution in higher salt concentration (bu¡ers C and D) discarded the possibility of non-speci¢c interactions with the column. Similar molecular mass was obtained by DLS. Considering the molecular size of the protein, these results suggested a dimer. Analysis of the protein by gradient native-PAGE (Fig. 5 ) revealed one band with apparent molecular mass of 70 kDa, consistent with a dimeric form. Gel ¢ltration repeated in the presence of DTT (bu¡ers F and G) indicated that disul¢de bridges are not responsible for the dimerisation. 
Crystallisation experiments
Needle bundles from CPO were obtained at 20 ‡C in 200 mM ammonium acetate, 10 mM magnesium acetate, 50 mM sodium cacodylate pH 6.5, 30% polyethylene glycol (PEG) 8K. The addition of 5% xylitol to the droplets improved the growth of the crystals resulting in bundles of thin long plates. Thicker plates with dimensions roughly of 300U50U20 Wm 3 ( Fig. 6) were obtained in the presence of 28^30% PEG 8K and showed an anisotropic di¡raction pattern to about 4^3.8 A î resolution. The same conditions were tried out with SeMet-CPO but only smaller needle bundles could be obtained.
Discussion
The availability of large amounts of pure protein facilitates its biochemical and structural characterisation. We have overexpressed, puri¢ed and characterised the CPO enzyme from E. coli. A single molecular species was detected by mass spectrometry, SDS^PAGE and DLS. Its molecular mass was consistent with that of the recombinant his-tagged protein and the structural integrity was con¢rmed by CD spectroscopy. The pH optimum was determined to be pH 7.0, compared to pH 7.4 for the recombinant mouse CPO [8] , and pH 7.6 for the bovine liver enzyme [15, 24] . The speci¢c activity (37 500 U mg 31 ) was comparable to those from bovine and human sources [9, 15, 24] .
Previous reports suggested that a metal atom may be involved in the catalysis. Yeast CPO was reported to have two iron atoms per homodimer [7] and puri¢ed recombinant mouse CPO was described to contain one copper atom per polypeptide [8] . However, the most recent studies on human CPO show evidence that the enzyme is not a metalloprotein [9] . This apparent controversy in the ¢eld of aerobic CPOs motivated us to check by ICP-AES whether iron or copper were present in E. coli CPO. The di¡erent metal content obtained for di¡erent preparations showing similar activities suggests that a metal dependence at least for iron and copper can be ruled out. We also observe an absence of these metals in preliminary studies with recombinant non-tagged CPO.
A porphyrin compound was co-puri¢ed with CPO. Its molecular mass was estimated to be 581.21 Da, which is consistent with the mass of the hydroxyethyl derivative of protoporphyrin-IX (the oxidised form of the reaction product of CPO, protoporphyrinogen-IX). Neither shifting nor intensi¢cation of the Soret band was noticed upon protein reduction, so the possibility of having haem and not the hydroxyethyl derivative bound to CPO can be rejected. In two independent reports on the puri¢cation of human CPO as a fusion protein, the presence of an endogenous porphyrin compound was also noticed [9, 10] . If the fusion peptides should disturb the release of the product from the active site why then a non-stoichiometric association? In our case the data suggest a direct relationship between the protein yield and porphyrin association. We have also observed that addition of coproporphyrinogen-III to the enzyme reaction at concentrations higher than 16 WM resulted in a decrease of enzymatic activity. Identical observations were reported by others when determining CPO activity in bacterial cell extracts [25] and in chicken red blood cell haemolysates [17] , suggesting that protoporphyrinogen-IX inhibits CPO. It makes then sense to envisage a mechanism of feedback inhibition of CPO by protoporphyrinogen-IX, which reinforces the suspicion that CPO is a regulatory point of the bacterial haem biosynthetic pathway.
Gel ¢ltration combined with DLS and native-PAGE indicates that, under the studied conditions, the dimeric form of CPO has a compact shape. A similar oligomerisation state has been described for all other characterised CPOs, suggesting that dimer formation is a common property of this protein family. By the contrary the oxygenindependent CPO from E. coli is a monomeric protein [13] , raising the interest in how apparently distant polypeptide folds are able to accomplish the same catalytic step. Furthermore, structural information will validate a recently proposed theoretical model for CPO [26] . Diffracting crystals were obtained and work is in progress to improve their size in order to achieve better resolution. To our knowledge this is the ¢rst report on the characterisation of a bacterial CPO and on crystallisation studies for a member of this enzyme family.
